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In the ovules of most sexual flowering plants female gametogenesis is initiated from a single surviving gametic cell, the functional megaspore, formed after meiosis of the somatically derived megaspore mother cell (MMC) 1, 2 . Because some mutants and certain sexual species exhibit more than one MMC [2] [3] [4] , and many others are able to form gametes without meiosis (by apomixis) 5 , it has been suggested that somatic cells in the ovule are competent to respond to a local signal likely to have an important function in determination 6 . Here we show that the Arabidopsis protein ARGONAUTE 9 (AGO9) controls female gamete formation by restricting the specification of gametophyte precursors in a dosage-dependent, non-cell-autonomous manner. Mutations in AGO9 lead to the differentiation of multiple gametic cells that are able to initiate gametogenesis. The AGO9 protein is not expressed in the gamete lineage; instead, it is expressed in cytoplasmic foci of somatic companion cells. Mutations in SUPPRESSOR OF GENE SILENCING 3 and RNA-DEPENDENT RNA POLYMERASE 6 exhibit an identical defect to ago9 mutants, indicating that the movement of small RNA (sRNAs) silencing out of somatic companion cells is necessary for controlling the specification of gametic cells. AGO9 preferentially interacts with 24-nucleotide sRNAs derived from transposable elements (TEs), and its activity is necessary to silence TEs in female gametes and their accessory cells. Our results show that AGO9-dependent sRNA silencing is crucial to specify cell fate in the Arabidopsis ovule, and that epigenetic reprogramming in companion cells is necessary for sRNA-dependent silencing in plant gametes.
Large-scale transcriptional analysis indicated that a gene encoding an ARGONAUTE (AGO) protein (At5g21150 or ARGONAUTE 9) is highly expressed in ovules and anthers of Arabidopsis ( Supplementary  Fig. 1 ). The in situ pattern of expression confirmed that AGO9 messenger RNA is localized in ovules throughout development ( Supplementary Fig. 2 ). In both plants and animals, AGO proteins are known to cleave endogenous mRNAs during either microRNA (miRNA) or short interfering RNA (siRNA)-guided post-transcriptional silencing [7] [8] [9] . To elucidate the function of AGO9 in Arabidopsis, individuals from three independent insertional lines harbouring T-DNA elements within the coding region of the AGO9 gene were phenotypically analysed at all stages of ovule development 10 (Fig. 1a  and Table 1 ). Whereas 94.2% of pre-meiotic ovules showed a single MMC in wild-type plants ( Fig. 1b and Supplementary Fig. 3 exhibited two MMCs (Fig. 1c) ; however, only one of the latter underwent gametogenesis as twin female gametophytes were never observed. All ago9 insertional lines were fertile and did not show signs of ovule or seed abortion; however, in contrast to wild-type plants, the pre-meiotic ovule primordia of heterozygous ago9/1 individuals-including allele ago9-2 that was previously reported as having no defective phenotype 11 -showed several abnormally enlarged sub-epidermal cells (Fig. 1d, e) . In ago9/1 individuals, the ovules exhibited up to six cells containing a conspicuous nucleus and nucleolus at a frequency of 30.29%, indicating that ago9 alleles are dominant and affect early cell differentiation in the developing ovule. In homozygous ago9/ago9 individuals, the percentage of ovule primordia showing more than one enlarged cell was of 37.16% to 47.7%, depending on the allelic variant (Table 1) . Triploid (3n) individuals that had two wild-type and one mutant ago9-3 allele showed 14.11% to 23.49% of abnormal ovules, a value intermediate between diploid plants carrying a single ago9-3 allele and wild type (Table 1 ). These results indicate that a dosagedependent mechanism is responsible for the mutant ago9 phenotype.
No molecular marker exclusively expressed in the MMC has been reported, but the pattern of callose deposition is a reliable method to determine cell identity at pre-meiotic stages 12 . To determine whether one or several of the enlarged cells present in ago9-3 ovules are capable of undergoing meiosis, we analysed callose deposition in wild-type and homozygous ago9-3 ovules. In agreement with previous descriptions, wild-type ovules showed patches of callose in the MMC before the initiation of meiosis (Fig. 2a) . After meiosis, callose was deposited in transverse walls between the functional megaspore and its degenerated sister cells (Fig. 2b) . In pre-meiotic ago9-3 ovules, less than 10% of abnormally enlarged cells showed patches of callose deposits (Fig. 2c, d ). During meiosis, callose was only detected in the intermediate walls of a single cell and the degenerated neighbouring cells, but not in the closely associated abnormally enlarged cells (Fig. 2e, f) . This pattern persisted following meiosis (Fig. 2g, h ). These results show that several enlarged cells differentiate before meiosis in ago9-3 ovules, but that a single one undergoes meiosis and gives rise to a functional haploid megaspore, indicating that the activity of AGO9 is necessary to restrict differentiation to a single sub-epidermal cell in the pre-meiotic ovule.
After meiosis, ago9-3 ovules showed persistent enlarged cells adjacent to meiotic products, including the three degenerated megaspores and the functional megaspore (Fig. 2i-k) . To determine the identity and assess the developmental potential of extranumerary enlarged cells in mutant ovules, we examined the expression of pFM2, a marker expressed in the functional megaspore and the developing female gametophyte, but not in the MMC or in the three meiotically-derived degenerated megaspores (Fig. 2l, m) . In ago9-3 ovules, pFM2 expression was initially observed following meiosis in the functional megaspore, but also in a cluster of adjacent cells that forms the nucellus and includes the abnormal gamete precursors (Fig. 2n) . In all ago9-3 ovules observed, more than four cells showed strong reporter gene expression (b-glucuronidase or GUS) at post-meiotic stages, indicating that at least some of the cells that express pFM2 have a somatic origin. pFM2 expression was absent at pre-meiotic stages, indicating that defective ago9-3 individuals differentiate other cells that persist in the developing ovule adjacent to the meiotic products and subsequently acquire a functional megaspore identity without undergoing meiosis. At subsequent stages of development, ago9-3 individuals exhibited an unusual phenotype of two independent female gametophytes developing in the same ovule at a frequency of 44.03% (n 5 243; Fig. 2o ).
Crosses of ago9-3 plants with individuals expressing the pFM1 (ref. 13) or pFM2 marker showed that both acquire a female gametophyte identity ( Fig. 2p and Supplementary Fig. 4 ). These results indicate that abnormal somatic cells are able to differentiate into gametic cells and initiate gametogenesis without undergoing meiosis.
Immunoblots hybridized with a polyclonal antibody against AGO9 detected a protein of the expected 100.5 kDa size in developing wildtype gynoecia but not in 1-week-old seedlings, developing rosette leaves or developing siliques (Fig. 3a) . Immunolocalizations showed that the AGO9 protein was initially expressed in somatic cells of the epidermal (L1) layer located in the apical region of the pre-meiotic ovule, but not in the MMC (Fig. 3b) . Interestingly, we observed AGO9 in cytoplasmic foci reminiscent of P-bodies or stress granules present in the cytoplasm of animal cells (Fig. 3c-e) . AGO9 did not localize in the haploid megaspores or the developing female gametophyte before of after cellularization. In ovules containing a female gametophyte at the four-nuclear stage, AGO9 was localized in the outer integumentary cells, but also in the periphery of the endothelium, at the sporophytegametophyte cellular boundary (Fig. 3f) . In anthers, AGO9 was localized in the cytoplasm of microsporocytes following meiosis, and later in the cytoplasm of the vegetative cell but not in the sperm cells ( Supplementary Fig. 5a-d) . Ovules or pollen of ago9-3 individuals did not show AGO9 expression ( Supplementary Fig. 5d, e) , confirming that the antibody exclusively recognized AGO9. Overall, these results indicate that AGO9 is preferentially expressed in reproductive companion cells but not in the associated male or female gametes or their precursors.
In Arabidopsis, trans-acting siRNAs (ta-siRNAs) are known to move as signal molecules and cause gene silencing beyond their cellular sites of initiation [14] [15] [16] . Their biogenesis depends on transcription by RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) that converts their single-stranded RNA precursors into double-stranded RNA in a pathway that is also dependent on the function of the putative RNA binding protein SUPRESSOR OF GENE SILENCING 3 (SGS3) 17, 18 . The extent of gene silencing movement outside their site of initiation also depends on the activity of RDR6 (ref. 19) . To determine whether the function of AGO9 could be associated with a non-cell-autonomous pathway, we examined ovule development in homozygous sgs3-11 and rdr6-11 individuals. Although both sgs3 and rdr6 mutants show seedling and floral defects characterized by leaf curling and limited stamen elongation 17 , their possible role during gamete formation has not been investigated. Both sgs3-11 and rdr6-11 plants showed an identical phenotype to ago9 mutants with additional gametic cells differentiating in the pre-meiotic ovule (Fig. 4a-d) . In rdr6-11 plants, post-meiotic ovules showed two independently developing female gametophytes at a frequency of 43.3% (n 5 224). Crosses of rdr6-11 plants to individuals expressing the pFM2 marker indicate that both acquire a female gametophyte identity (Fig. 4e) . These results support the hypothesis that AGO9 controls gametic cell commitment by acting in a non-cell-autonomous sRNA-dependent pathway in the developing ovule of Arabidopsis.
To identify the nature of AGO9-associated sRNAs, wild-type developing gynoecia were isolated and used for total protein extraction, immunoprecipitation with the AGO9 antibody, and elution of the associated sRNA fraction. After sequencing, 2,508 sRNA sequences (98% of total) could be mapped to the Arabidopsis nuclear genome and categorized based on their location and function (Supplementary Tables 1 and 2 ). Although most are 24 nucleotides in length (79.1%), 8.9% are 21 to 22 nucleotides long. Most 24-nucleotide sequences derive from TEs belonging to distinct families of retrotransposons: Gypsy (23%) Athila (9.3%), CACTA (5.5%), and less frequently LINE or Mutator. All sequences mapping to Gypsy TEs belong to the AtGP1 sub-family, and 3% of all sequences mapping to retrotransposons correspond to siRNAs shown to be dependent on RNA polymerase IV (PolIV) for their biogenesis 20 . A further 17.4% of the total maps to genomic signatures assigned to other families containing nested components of Gypsy, Athila or CACTA TEs. In contrast, 21-nucleotide sRNAs preferentially derive from previously characterized miRNAs (3.2%), including MIR167 that is known to act in the ovule 21 , and protein-coding genes (14.5%). These results show that primary targets of AGO9-dependent silencing in the ovule of Arabidopsis are TEs.
Previous studies have shown that some TEs that are active in mature pollen grains are not expressed in developing or fully differentiated ovules of Arabidopsis
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. To determine whether AGO9 is necessary for the inactivation of these TEs in the ovule, we crossed lines containing enhancer traps that tagged specific TEs to homozygous ago9 individuals. In agreement with previous results, no GUS expression was observed in the ovule of enhancer trap lines present in a wild-type genetic background (Fig. 4f) . By contrast, heterozygous ago9/1 individuals containing an enhancer trap within either an Athila, LINE or Atlantys retrotransposon showed strong GUS staining in the egg and synergid cells of the mature female gametophyte before pollination ( Fig. 4g-i) . These results not only confirm that AGO9 is necessary for TE inactivation in the ovule, but also show that one of its targets is the egg and synergid cells (the egg apparatus) before fertilization.
The ago9 phenotype was also identified in homozygous mutants for RNA-dependent RNA polymerase 2 (rdr2), dicer-like 3 (dcl3), and the double mutant nrpd1a nrpd1b that is defective in the activity of both polymerase IV and polymerase V, but not in dicer-like 1 and dicer-like 4 (dcl4) that are essential for the generation of miRNAs and ta-siRNAs, respectively, indicating that AGO9-dependent TE inactivation restricts female gametogenesis to a single gametic cell through an endogenous 24-nucleotide siRNA biosynthetic pathway 23 ( Supplementary Figs 6 and 7) . The consistent identification of a single cell undergoing meiosis and several cells acquiring a functional megaspore identity in the post-meiotic ovule, combined to the presence of two developing female gametophytes separated by several somatic cells, provides strong evidence for the initiation of female gametophytes from two non-sister cells, one of which is somatic in origin. By preferentially interacting with sRNAs derived from TEs and silencing their activity in the female gametophyte, the function of AGO9 is reminiscent of the PIWI subclass of ARGONAUTE proteins that are necessary to maintain transposon silencing in the germline genome of invertebrates and mammals 24 . Some maternal siRNA sequences found in the endosperm 20 and 24-nucleotide siRNA found in pollen 22 resemble AGO9-interacting sRNAs, raising the possibility that AGO9 may also contribute to these populations in a nonautonomous way. The ago9 mutant phenotype is reminiscent of apospory, a component of asexual reproduction through seeds (apomixis) prevailing in many flowering species that produce unreduced female gametes from somatic cells 5 . Our findings provide opportunities to investigate the genetic basis and molecular mechanisms that control cell fate, offering new possibilities to explore the epigenetic induction of apomixis in sexual plants.
METHODS SUMMARY
Material and growth conditions. We used Arabidopsis thaliana of ecotype Columbia 0 (Col-0). Insertional mutant lines were ago9-2 (SALK_112059), ago9-3 (SAIL_34_G10) and ago9-4 (SAIL_260_A03) (ago9-1 showed an identical phenotype but was not quantified). Seeds were sterilized with 100% ethanol and germinated under stable long day (16 h light/8 h dark) conditions at 22 uC. Seedlings were planted and grown under controlled greenhouse conditions (24 uC). For a detailed description of mutant stocks, enhancer trap lines, transgenic lines and DNA constructs, see Methods. Histological analysis. Cleared ovules and histochemical GUS analysis was performed as described 25 . Callose analysis was performed as described 26 with minor modifications described in Methods. Immunoblot and immunoprecipitation. Amino acids N-SSRNHAGNDTNDA DRK were used to generate a specific AGO9 antibody (Invitrogen). Immunopurification of AGO9-sRNA complexes was performed as described 27 , with modifications described in Methods. Cloning and genomic analysis of small RNAs. After sequencing, sRNA reads were filtered and sequences were mapped to the Arabidopsis genome (http:// www.arabidopsis.org). Details of the sRNA annotation procedure are provided in Methods. 
